, -Partially purified toxin(s), GbTX, extracted from Gymnodinium breve red tide organisms elicits a spontaneous train of action potentials in the squid giant axon. The spikes have a shape similar to that in the normal seawater control except for an increase in the rate of recovery from the afterhyperpolarization. With this more rapid recovery, the membrane potential overshoots the resting potential and threshold, triggers another spike, and thus produces repetitive firing. Voltageclamp studies revealed that the toxin has no effect on the normal sodium or potassium conductance changes produced by step depolarization.
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How Gymnodinium breve red tide toxin(s) produces repetitive firing in squid axons. Am. J. Physiol. 232(l): C23-C29, 1977 or Am. J. Physiol.: Cell Physiol. l(1): C23-C29, 1977, -Partially purified toxin(s), GbTX, extracted from Gymnodinium breve red tide organisms elicits a spontaneous train of action potentials in the squid giant axon. The spikes have a shape similar to that in the normal seawater control except for an increase in the rate of recovery from the afterhyperpolarization. With this more rapid recovery, the membrane potential overshoots the resting potential and threshold, triggers another spike, and thus produces repetitive firing. Voltageclamp studies revealed that the toxin has no effect on the normal sodium or potassium conductance changes produced by step depolarization.
However, consistent with the faster recovery after an action potential, GbTX speeds recovery of the "shut-off" currents to their steady-state values after a depolarization. The most likely mechanism by which the toxin accelerates recovery after an action potential (leading to repetitive firing) is the induction of a small additional inward current which was found to be reduced by prehyperpolarization. This toxin-induced current which speeds recovery is blocked by tetrodotoxin and hence presumably flows through the sodium channel. action potential; voltage clamp; sodium current; kinetic model GYMNODINIUMBREVE RED TIDES are quite common in the Gulf of Mexico and produce convulsions and death in exposed fish. Preliminary results of electrophysiological experiments (1, 9) have shown that a partially purified toxin (GbTX) extracted from G. breve elicits a spontaneous train of action potentials in the giant axon of the squid. In order to elucidate the mechanism by which the toxin produces this repetitive firing, the experiments reported here were undertaken. Preliminary reports of some of these experiments have already appeared elsewhere (17) .
METHODS
The toxin was prepared according to Kim et al. (9) . The purified toxin was solubilized in 95% ethanol at a concentration of 0,58 mg/0.3 ml and was then diluted with filtered seawater. A stock solution in filtered seawater of 2.5 x lO+ g/ml of GbTX was stable over a period of several months when refrigerated in the dark. Some experiments were conducted with artificial seawater (ASW) which was composed of 450 mM NaCl, 10 mM KCl, 50 mM CaCl,, and 5 mM tris(hydroxymethyl)-aminomethane buffer at a pH of 7.0.
Squid giant axons were excised from the squid Loligo pealii at the Marine Biological Laboratory in Woods Hole, Mass. The axons were cleaned by removing the connective tissue sheath surrounding the axon and were placed in a Lucite chamber which contained flowing, filtered seawater solutions. The composition of the bathing solution could be changed in approximately 3 min.
In early experiments conducted on unclamped axons, methods previously reported were used (9). The membrane potential was measured by impaling the axon with a 5-Ma glass microelectrode filled with 3 M KCl A record of the resting potential as a function of time during the experiment was obtained with a strip-chart recorder.
The voltage clamp experiments were carried out with the sucrose gap technique (10). A computer (PDP8e, Digital Equipment Corporation, Maynard, Mass.) was used to generate voltage steps (either from stored data or by computation) and record and analyze the resulting currents (8).
The Hodgkin and Huxley and kinetic model simulations were done by solving the differential equations with numerical methods (14) 'on a PDP/15 computer.
RESULTS
GbTX produces repetitive firing. Application of as little as 10mg g of GbTX per milliliter of bathing solution to an axon produced repetitive firing, even in the absence of electrical stimulation. The toxin's effect is illustrated in Fig. 1C where a larger dose (10m7 g/ml) of GbTX has been applied to the nerve. The repetitive firing was very regular and continued at frequencies of 200-4001s until the nerve was rendered exhausted and inexcitable with a resting potential of less than -30 mV. As previously reported (9), the effect of GbTX was again found to be completely reversible if the toxin was washed off before 1 or 2 min of repetitive firing had occurred.
The onset of the toxin-induced repetitive firing was characterized by several phenomena. An 8-to 10-mV depolarization of the nerve was usually observed prior to the initiation of repetitive firing. If electrical stimulation was employed, the onset of repetitive firing was marked by increasing oscillations in the afterpotential (Fig. lB) , bursts of spikes after a single, brief stimulus Axon was stimulated at one end with a pulse of current delivered through a suction electrode.
B and C:
recordings obtained from same axon 1 and 2 min after application of 1OL7 g/ml GbTX. (Fig. lC) , and finally continuous firing. The repetitive firing could be blocked for l-2 min by strongly hyperpolarizing the axon (-150 mV) with a l-s duration pulse of injected current.
Careful examination of the voltage records revealed that the toxin was most likely not affecting the action potential-generating mechanism directly. As illustrated in Fig. 2 , which shows two superimposed records, the shape of the spike was not changed by GbTX. Note, however, the increase in the rate of recovery from the undershoot after the spike.
GbTX depolarizes axon. Figure 3A illustrates the effect of GbTX on the resting potential of the squid giant axon* The nerve was impaled with a microelectrode, and the resting potential was monitored until it was stable, in this case -65 mV, and did not vary by more than 0.5 mV. Then the external bathing solution was changed (first arrow in Fig. 3A ) from normal filtered seawater to a filtered seawater which contained 10B7 g/ ml of GbTX. After approximately 3 min, time for the solution to be completely changed, the nerve started to depolarize. The depolarization continued, and when the resting potential reached -57 mV, the nerve began to fire action potentials repetitively.
This toxin-induced depolarization could be blocked by tetrodotoxin (TTX). TTX (100 nM) was added to the GbTX-(10S7 g/ml) containing solution, and the mixture was applied to the nerve, As illustrated in Fig. 3B , there was a 4-mV hyperpolarization of the membrane after application of the two toxins. When the membrane potential was steady at -63.5 mV, the TTX was removed from the external solution, and the nerve was bathed in filtered seawater containing only GbTX, Removal of the TTX lead to rapid depolarization and repetitive firing. GbTX slightly alters membrane currents. To elucidate the means by which GbTX had altered the normal ionic mechanism of the nerve, two different types of voltage clamp experiments were conducted with the sucrose gap technique. First, membrane currents associated with action potential generation were measured using conventional step depolarizations. The kinetics of the early transient sodium and sustained potassium currents were essentially unchanged by GbTX, and the current-voltage relationships for these two currents were not significantly altered. These findings were consistent with the results obtained from the current-
clamped axons which indicated (Fig. 2) that the toxin had probably not affected the action potential-producing mechanism. Additionally, these initial voltage clamp results suggested that the toxin-induced changes were small or subtle and that the membrane conductance changes after an action potential needed to be followed carefully and with high sensitivity.
Therefore, an action potential was recorded in the current clamp mode and stored for use as a command (or forcing) voltage in the second type of voltage clamp experiments.
In these experiments, the voltage-clamped membrane was forced to follow the action potential time course until the maximum hyperpolarized afterpotential was reached (Fig. 4A) . Then the voltage level was set to various steady values near the normal resting potential level, and the required currents observed at 10 times the normal gain. The results obtained are illustrated in Fig. 4C and show that the kinetics of the current decay after an action potential were speeded by GbTX (dashed curve)
Having established that the toxin produced clearly discernible changes in these currents, we returned to the normal procedure of using step potential changes to bring the membrane to a highly potassium-conducting state before returning the potential to steady levels near rest where "shut-ofY' current changes were measured.
The toxin's effect was more conveniently discerned by plotting the log of the current "tails" as a function of time, GbTX clearly decreased the time constant of the shut-off process. Measurement of this rate constant as a function of the return voltage revealed that the toxin's effects were greatest near the normal resting potential in the range of -60 to -80 mV as illustrated in Fig. 5 .
GbTX effects are modified by TTX and prepolarization. The toxin's actions on unclamped axons could be modified by strong conditioning hyperpolarization or application of TTX. These two modifiers also inhibited the action of GbTX observed with the voltage clamp as noted above.
The effect of hyperpolarization on the voltage clamp currents was investigated by recording the shut-off currents obtained after brief depolarizing pulses from two different holding potentials. As shown in Fig. 6B , the effect of GbTX was essentially abolished when the membrane was held at a hyperpolarized level of -90 mV rather than being held at a potential (-59 mV, Fig. 6A) near the normal resting level.
TTX had a similar effect, as shown in Fig. 6C . Addition of 300 nM TTX to the lO+ g/ml GbTX test solution almost completely inhibited the toxin-induced change in the time course of the current tails.
DISCUSSION
As previously reported (9), very low concentrations (2.5 x 10P" g/ml) of GbTX produced irregular bursts of spikes in response to a single stimulus. The absence of uniform, regularly spaced action potentials suggested that the toxin may have an uneven action, some areas of the axon being more affected than others. The very regularly spaced action potentials observed at higher toxin concentrations might reflect a more uniform effect of GbTX, Records obtained simultaneously at several locations along an axon showed that the toxin-induced spikes were, indeed, propagating and membrane potential was not uniform over the entire surface of the axon. Apparently the toxin-induced action potentials were arising at discrete locations along the axon. This hypothesis was supported by observing that propagation of - and in l op6 g/ml GbTX (broken curve) upon returning potential to -50 mV after a 2-ms step depolarization to +20 mV are shown when starting from a holding potential of -90 mV. Note that slope of GbTX shut-off current was decreased to a value near controls by prehyperpolarization to -90 mV, C; reduction of this effect by TTX. Currents recorded after a 2-ms step depolarization to +20 mV from holding potential of -60 mV are again plotted in a semilog plane. Solid curv e was recorded in ASW. Broken curve was recorded after addition of 300 nM TTX to lo-4i g/ml GbTX solution.
Note that slope in TTX-treated axon was reduced to nearly normal control level.
the toxin-induced spikes from one region to another could be interrupted by either hyperpolarization or depolarization (produced by mechanical damage) of an intermediate region. Figure 3 illustrates the depolarizing effect of GbTX on the squid axon. However, it is not clear from this experiment whether or not the depolarization is due to a nonspecific increase in the membrane leakage or due to an increase in the resting permeability of the membrane to sodium ions alone. As has been shown by Moore et al. (ll) , TI'X selectively blocks the flow of cations through the early transient channel of squid giant axons; and it was interesting to see that TTX also blocked the GbTXinduced depolarizations. The 3.5mV hyperpolarization recorded (Fig. 3B) after application of both GbTX and TTX might indicate that GbTX was increasing the resting permeability of the membrane to potassium ions as well as sodium ions, the sodium conductance being blocked by the TTX. However, as Hodgkin and Katz (6) demonstrated, sodium ions contribute 2-4 mV to the resting potential, and 300 nM TTX (4) hyperpolarize squid axons by 5 mV. Thus, the 35mV hyperpolarization could be attributed entirely to the reduction in resting sodium conductance produced by the TTX, Retention of the normal transient and steady-state membrane conductances in the presence of GbTX is consistent with the observed constancy of the action potential shape as demonstrated by superimposition onto the control of an action potential recorded after application of toxin but just prior to the onset of repetitive firing (Fig, 2) . In fact, the only toxin-induced change was an increase in the rate of recovery from the positive phase after the spike. This slight change in rate suggested that the toxin may be acting to alter the very small differences in currents which regulate the return of the membrane potential to its resting value after a spike.
One means of recording the shut-off currents which follow a spike is to quickly switch from current clamp to voltage clamp at the appropriate time (2). However, we preferred to avoid the voltage transients associated with rapid switching of a voltage clamp and chose the alternative of a maintained voltage clamp with a prescribed voltage pattern. The computer-controlled system employed in these experiments (8) made it very simple to record an action potential and digitize and store it for use as the command voltage.
The results obtained with the voltage clamp suggested the mechanism by which GbTX may produce repetitive firing in squid giant axons. As illustrated in Fig. 4C ) and produced repetitive firing in the H-H model (Fig. 7B) . However, the prepolarization experiments (Fig. 6B ) ruled out the possibility that a simple change in a single H-H rate constant could explain the effects of GbTX on the nerve. In the H-H model, the rate constants are voltage dependent, and prehyperpolarization of the model will produce a change in the magni- tude of the current but not in the time constant. Also, TTX does not affect the activation of the potassium conductance in squid.
In low concentrations of GbTX, repetitive firing could be entirely blocked for up to several minutes by strongly hyperpolarizing the axon with an injected pulse of current. Early in our experiments, we observed that recovery of the repetitive firing seemed to be directly related to the strength of the hyperpolarizing current. A longer or, stronger pulse blocked the repetitive firing for a greater time than did a weaker shock. These observations suggested that there may be some relationship between membrane potential and effectiveness of the toxin. The voltage clamp measurements (see Fig. 5 ) show unequivocally that the toxin's effect is voltage dependent. Furthermore, as Fig. 6B shows, the toxininduced slope change in the clamp currents (and the related repetitive firing) is abolished by prehyperpolarization.
The manner in which TTX reduces the effectiveness of GbTX may be accounted for by several explanations. First and least likely, TTX may have some nonsodium specific effects on these currents which are observable at high gain. Nonspecificity might be suspected because the normal currents observed several milliseconds after an action potential are primarily carried by potassium and because we have observed changes in the shut-off currents in the presence of TTX and GbTX. However, other control experiments in the absence of GbTX have failed to suggest that TTX would effect the time con-AXONS c27 stant of the shut-off currents (unpublished observations) l Second, TTX and GbTX may be interacting with one another in some manner which effectively inhibits the action of GbTX. However, GbTX is very hydrophobic (9) and TTX is water soluble (7); thus, it is most unlikely that there is any direct interaction between these two molecules in solution.
An interaction at their site or sites of action cannot be ruled out at this time.
A third and most likely explanation is that GbTX may act on the squid axon membrane by turning on a small voltage-dependent conductance which produces inward currents near the resting potential and is blocked by either TTX or prehyperpolarization.
If the membrane currents recorded after an action potential or step depolarization are subtracted from those obtained in the presence of GbTX, a small inward current remains. As illustrated in Fig. 8 , these presumably toxininduced inward currents are inhibited by either TTX or prehyperpolarization.
If these currents are sodium currents, lowering the concentration of sodium in the external bathing solution should decrease their magnitude. However, such an experiment was not done because the currents were already very small and could only be seen by subtraction.
Although the magnitude of the net current is, indeed, small (approximately -200 pA/cm2), it is sufficient to depolarize the nerve to threshold and thus produce repetitive firing. Similar currents have been observed in myelinated nerves where they were induced by scorpion venom (3), aconitine (IS), and veratrine (16) and in squid axon when induced (13) . Before subtraction, these records were corrected for leakage and shifts in base line due to instability in sucrose gap.
Cahalan (3) has successfully described the effects of scorpion venom on frog nerves with a kinetic model which combines normal inactivation with shifted activation gating in some of the sodium channels. Although the GbTX data from squid can be partially described by such a model, the effect of holding potential (as illustrated in Fig. 8 toward the conducting form N. With maintained depolarization, the form N is converted to an inactive configuration 0. With repolarization 7 the form N can be directly restored sor, whereas restoration of P from the 0 to the precurconformation proceeds at a much slower pace.
The addition of the reaction shown below within the dashed box will allow the Moore and Cox (12) kinetic model to describe the effects of GbTX on the sodium conductance system in squid.
'l'oxin-induced I I conductance / The toxin induces another conducting state "G" which is observed as a small fraction of the total conductance (N+ G) after recovery from inactivation.
The rate of activation of this toxin-induced conductance is proportional to the recovery from inactivation (.OOl ah). Depolarization produced either by an action potential or by a voltage clamp step change in potential increases the amount of inactivation (state 0). Repolarization to near the resting potential increases the value of ah and the toxin-induced conductance; and as illustrated in Fig.   9A , the slowly activating, inward current is observed. Figure 9A also shows how the model can describe the effect of holding potential on the toxin-induced currents. The rate constants for activation of the toxin-induced current were increased IOO-fold in Fig. 9A to produce a current which could be compared on the same scale with the normal transient sodium current. If, in the model simulation, the membrane is hyperpolarized by 30 mV prior to the step change in potential, the relative amount of inactivation seen after a 2-ms depolarization is less than that observed after starting from the resting potential. Hence, the toxin-induced current, which is proportional to the amount of inactivation, is also less. Figure 9B shows a simulation of the voltage pattern of a current clamped membrane using the MC kinetic model for the sodium system combined with the H-H formulations for the potassium and leakage conductantes. The equilibrium potential of the leakage current was adjusted from 10.598 to 3.9509 to balance the MC model's net sodium current at 0 mV. It was found that repetitive firing can be produced by the addition of only a small fraction of the total conductance in the conducting G configuration. This small change in the coupled activation and inactivation of the sodium conductance produced insignificant changes (less than 1 mV shift) in the normal voltage dependence of inactivation and yet adequately described both the current and voltage clamp results.
It appears that an almost insignificant additional current can drive a normally stable membrane into rhythmic spontaneous discharge. This observation has important implications with respect to understanding the differences between normally stable and spontaneously excitable cells. Furthermore, it makes clear the elegance of the design of this toxin molecule which exerts a small and subtle change in the membrane characteristics but which is made manifest as a most dramatic change in the normal activity of the axon. 
